Excitatory amino acid transporters (EAATs) are abundantly expressed by astrocytes, rapidly remove glutamate from the extracellular environment, and restrict the temporal and spatial extent of glutamate signaling. Studies probing EAAT function suggest that their capacity to remove glutamate is large and does not saturate, even with substantial glutamate challenges. In contrast, we report that neuronal activity rapidly and reversibly modulates EAAT-dependent glutamate transport. To date, no physiological manipulation has shown changes in functional glutamate uptake in a nonpathological state. Using iGluSnFr-based glutamate imaging and electrophysiology in the adult mouse cortex, we show that glutamate uptake is slowed up to threefold following bursts of neuronal activity. The slowing of glutamate uptake depends on the frequency and duration of presynaptic neuronal activity but is independent of the amount of glutamate released. The modulation of glutamate uptake is brief, returning to normal within 50 ms after stimulation ceases. Interestingly, the slowing of glutamate uptake is specific to activated synapses, even within the domain of an individual astrocyte. Activity-induced slowing of glutamate uptake, and the increased persistence of glutamate in the extracellular space, is reflected by increased decay times of neuronal NR2A-mediated NMDA currents. These results show that astrocytic clearance of extracellular glutamate is slowed in a temporally and spatially specific manner following bursts of neuronal activity Ն30 Hz and that these changes affect the neuronal response to released glutamate. This suggests a previously unreported form of neuron-astrocyte interaction.
Introduction
Efficacious glutamate uptake following neuronal activity shapes extracellular glutamate transients (Clements et al., 1992; Diamond and Jahr, 1997; Bergles et al., 1999; , constrains extrasynaptic NMDA receptor activation (ArnthJensen et al., 2002; Scimemi et al., 2009) , and prevents seizures (Tanaka et al., 1997) . The majority of glutamate uptake occurs via excitatory amino acid transporters (EAATs) expressed by astrocytes (GLT-1 and GLAST) and is rapid, ensuring temporally brief and spatially restricted glutamate neurotransmission (Bergles and Jahr, 1997; Diamond and Jahr, 2000; Diamond, 2005) . Astrocyte processes contact the majority of, and even envelope some synapses in, the neocortex (Spacek, 1985; Jones and Greenough, 1996) . EAATs are heavily expressed at these processes (Rothstein et al., 1994; Chaudhry et al., 1995; Minelli et al., 2001 ) and provide rapid removal of synaptically released glutamate.
The kinetics of glutamate clearance are independent of the magnitude of glutamate challenge in vitro (Diamond and Jahr, 2000; Diamond, 2005; Hanson et al., 2015) and in vivo (Ohta et al., 1994; Svensson et al., 1994) , consistent with the robust expression of EAATs (Lehre and Danbolt, 1998) and the strong ionic driving force for transport (Levy et al., 1998) . This suggests that astrocytic EAATs represent a sink for extracellular glutamate that is rarely saturated. Having a system that provides constant and invariant removal of glutamate is neuroprotective and helps provide robust synaptic specificity. A growing number of studies suggest, however, that astrocytic glutamate uptake may be more dynamic than previously appreciated. For example, extracellular glutamate dynamics are affected by GLT-1 surface diffusion (Murphy-Royal et al., 2015) and astrocyte cytoarchitecture (Pannasch et al., 2014) . Here, we show that presynaptic activity alone can rapidly and reversibly slow glutamate clearance, through modulation of EAAT function.
To perform this study, we used an imaging-based approach to assay glutamate dynamics in the extracellular space (Borghuis et al., 2013; . Viral expression of the intensitybased glutamate-sensing fluorescent reporter (iGluSnFr) allows imaging of iGluSnFr signals (iGS), which enables measurement of extracellular glutamate clearance (Parsons et al., 2016) . iGluSnFr is an extracellular membrane tethered sensor, which can be expressed with cell type specificity, traffics throughout the plasma membrane, and allows sampling of the glutamate environment in the extracellular space. In addition, we used an established electrophysiological method to record glutamate transporter currents (GTCs) (Bergles and Jahr, 1997; Diamond and Jahr, 2000; Diamond, 2005) , which allows quantification of glutamate uptake by individual astrocytes. GTCs and iGS are two distinct assays, which provide measures of glutamate uptake and extracellular glutamate levels, respectively. Using both techniques, we explored the relationship between presynaptic activity, extracellular glutamate accumulation, and glutamate clearance. Our results show that glutamate clearance is slowed by presynaptic activity Ն30 Hz and is independent of the amount of glutamate released. The activity-dependent slowing we report recovers rapidly (Ͻ50 ms) and occurs in an input-specific manner, even within the domain of a single astrocyte. The mechanism of this slowing has yet to be identified, but these results demonstrate a novel linkage between presynaptic activity and astrocyte function that locally and rapidly modulates glutamate clearance. Last, this slowing of uptake, resulting in increased glutamate persistence in the extracellular space, is reflected in prolonged postsynaptic NR2A-specific NMDA receptor currents. This novel finding suggests that physiological activity can dynamically modulate glutamate clearance and, thus, requires a revision of how we think about glutamate uptake.
Materials and Methods
All protocols were approved by the Tufts Institutional Animal Care and Use Committee.
Adeno-associated virus injection. C57BL/6 male and female mice (approximately equal ratio of sex) were stereotaxtically injected between 30 and 37 d postnatal with either GFAP-iGluSnFr or hSyn-iGluSnFr (University of Pennsylvania Vector Core; catalog #AV-5-PV2723, AV-5-PV2914) in a single hemisphere with 3 injections sites (coordinates): (1.25, 1.25, 0.5), (1.25, 2.25, 0.5), and (1.25, 3.25, 0.5) ( ϩ x, ϩy, Ϫz) mm. Mice were anesthetized with isoflurane for surgery, reporter viruses were injected with 1 l per site (0.1-0.2 l/min) at 4.5E9 gene copies. Mice were used for immunofluorescence or acute slice preparations 14 -28 d after injection. Mice were housed in 12/12 light/dark cycles following surgeries.
Preparation of acute brain slices. Cortical brain slices, 400 m thickness, were prepared from control or iGluSnFr-infected C57/B6 mice . Mice were anesthetized with isoflurane, decapitated, and the brains were rapidly removed and placed in ice-cold slicing solution equilibrated with 95% O 2 :5% CO 2 (in mM) as follows: 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 11 glucose, 234 sucrose, and 26 NaHCO 3 . The brain was glued to a Vibratome VT1200S (Leica), and slices were cut in a coronal orientation. Slices were then placed into a recovery chamber containing aCSF (in mM) as follows: 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 2 CaCl 2 , 10 glucose, and 26 NaHCO 3 (equilibrated with 95% O 2 :5% CO 2 ) then equilibrated in aCSF at 32°C for 1 h. Slices used for astrocyte electrophysiology were loaded with sulforhodamine 101 (SR-101, 0.5 M) in aCSF for 5 min at 32°C before equilibration (Nimmerjahn et al., 2004) . Slices were allowed to return to room temperature and used for live imaging or electrophysiology.
Live imaging. iGluSnFr slices were placed into a submersion chamber (Siskiyou), held in place with small gold wires, and perfused with aCSF containing 20 M DNQX (antagonist of AMPA receptors), and 10 M 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP, antagonist of NMDA receptors), equilibrated with 95% O 2 :5% CO 2 and circulated at 2 ml/min at 34°C. A tungsten concentric bipolar stimulating electrode (FHC) was placed in the deep cortical layers, and the upper cortical layers were imaged with a 60ϫ water-immersion objective (LUMPLANFL, Olympus) on an Olympus BX51 microscope. For two-stimulator experiments, a second identical tungsten stimulating electrode was placed in the upper cortical layers ϳ450 m from the site of recording. The 100 s stimulus pulses were generated every 30 s through stimulus isolators ISO-Flex (A.M.P.I.) or S-88/SIU-5 (Grass Instruments). Stimulus intensity was set at 2ϫ the resolvable threshold stimulation, and no significant difference was observed in the threshold level between the GFAPiGluSnFr and hSyn-iGluSnFr reporter (log-corrected two-sample t test, p Ͼ 0.5, N ϭ 21, 17 slices, GFAP and hSyn, respectively). Imaging was performed using a Zyla (Andor) camera imaging 2048 ϫ 2048 with 4ϫ binning, 16 bit digitization, 10 ms rolling shutter mode for 100 Hz temporal resolution, illuminated by a 480 nm LED (Thorlabs), using the endow-GFP filter cube (Chroma) and controlled by MicroManager (Edelstein et al., 2014) . Following control runs, slices were treated with 300 M dihydrokainate (DHK, antagonist of GLT-1 glutamate transporters),1M(3S) -3-[[3-[[4-(trifluoromethyl) 
, ethoxy]-L-aspartic acid (TFB-TBOA, broad-spectrum inhibitor of glutamate transport), 4 M N6-cyclopentyladenosine (CPA, A 1 -receptor agonist), 0.3 M 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, A 1 -receptor antagonist), or HEPES-bicarb aCSF containing (in mM) the following: 111 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 2 CaCl 2 , 10 glucose, 20 HEPES, 35 NaHCO 3 (MacGregor et al., 2001 ). Drugs were washed on for 5-10 min before recommencing imaging and did not show a systematic change in the fluorescent baseline.
Glutamate transporter currents. Glutamate transporter currents were recorded similar to previous studies (Diamond, 2005; Hanson et al., 2015) . Briefly, whole-cell patch-clamp recordings were made in an identical setup to the live-cell imaging, with aCSF containing 200 M BaCl 2 to block astrocyte K ϩ conductances (Ransom and Sontheimer, 1995; Afzalov et al., 2013) . Astrocytes were identified by morphology (small, round cell bodies), membrane properties, and SR-101 labeling (Nimmerjahn et al., 2004) as imaged with a Cy3 filter cube (excitation 560/40 nm, emission 630/75 nm, Chroma). Astrocyte internal solution contained the following (in mM): 120 potassium gluconate, 20 HEPES, 10 EGTA, 2 MgATP, and 0.2 NaGTP. The 4 -12 M⍀ borosilicate pipettes were used to establish whole-cell patch-clamp recordings using a Multiclamp 700B patch-clamp amplifier (Molecular Devices), sampled at 10 kHz using pClamp software. Once a whole-cell recording was established, cells were confirmed as astrocytes based on their passive membrane properties, low membrane resistance, and hyperpolarized resting membrane potential. Slices were perfused with aCSF containing 20 M DNQX, and 10 M CPP, which was oxygenated and circulated at 2 ml/min at 34°C. GTCs were activated by electrical stimulation (100 s). In voltage-clamp mode, whole-cell patch-clamped astrocytes were maintained at Ϫ80 mV. To record GTCs, each sweep contained a ϩ5 mV, 20 ms voltage step, followed 40 ms later by 1 or 10 stimuli at 100 Hz. The 5 M TFB-TBOA was washed and used to isolate the specific glutamate transport component of the current. All synaptic GTCs presented and analyzed are TBOA subtractions.
NR2A-NMDA receptor EPSC current recording. NMDA receptor EPSCs were recorded similar to previous studies (Hanson et al., 2015) . Briefly, whole-cell patch-clamp recordings were made in an identical setup to the live-cell imaging, with aCSF containing gabazine (10 M), DNQX (20 M), ifenprodil (5 M), and D-serine (30 M). Neurons identified by morphology in layer II/III of the cortex were whole-cell patchclamped using 2-5 M⍀ borosilicate glass electrodes containing the following (in mM): 120 D-gluconic acid, 120 CsOH, 10 HEPES, 10 EGTA, 0.5 CaCl 2 , 20 TEA, 2 MgATP, and 0.2 NaGTP. In voltage-clamp mode, neurons were held at ϩ40 mV to relieve the Mg 2ϩ block of the NMDA receptors and allowed to stabilize. NMDA currents were then evoked identically to the glutamate transporter currents above, and were blocked by wash of APV (50 M). Access resistance was monitored throughout the experiment, and cells with more than a 25% change were excluded from analysis.
Immunofluorescence. Fixed mouse brains were prepared by transcardial perfusion with 4% PFA. Fixed brains were sectioned at 30 m using a Thermo Fisher Microm HM 525 cryostat. Brain sections were blocked using blocking buffer (5% normal goat serum, 1% BSA, in PBS) for 1 h at room temperature. NEUN (1:500, MAB377B, Millipore), GFP (1:500, ab13970 Abcam), and glutamine synthase (1:500, MAB302, Millipore) antibodies were diluted in PBS with 2% Triton X-100 and 5% blocking buffer. Cortical sections were incubated with diluted primary antibodies overnight at 4°C. Secondary antibodies (goat anti-rabbit Cy3, goat-anti chicken FITC, Jackson ImmunoResearch Laboratories) were diluted 1:500 in PBS with 5% blocking buffer and added to cortical sections for 2 h at room temperature. Slices were imaged with a Nikon A1R confocal microscope. Slices from 3 mice were stained for all experiments, with 2-4 slices per mouse visualized.
Analysis. Analysis was performed using MATLAB (The MathWorks) and Origin (Originlab). For live-imaging studies, the center 256 ϫ 256 pixels of the 512 ϫ 512 pixel images were isolated and averaged providing a readout of glutamate dynamics across a patch of cortex. Two to six repeated runs of identical stimulation were subsequently averaged together. Based on photobleaching decay constants determined through unstimulated runs, the 100 prestimulus frames were fit with a biexponential bleaching function and used to establish a photobleaching correction for each run. The poststimulus decays were fit at the end of the stimulus or with a 1 frame off set (single stimulus) with a monoexponential decay. Decay constants and peak fluorescence signals were not sensitive to increased aCSF pH buffering capacity by the inclusion of 20 mM HEPES buffer, suggesting that extracellular alkalization did not change the peak fluorescence (paired Wilcoxon signed rank test, p Ͼ 0.43) or decay time constant (paired t test, p Ͼ 0.28, N ϭ 6 slices). Total amount of glutamate released was measured after blocking glutamate transporters with the inhibitor TFB-TBOA and is defined as the peak ⌬F/F for 1, 60, and 100 Hz, and as the cumulative response to each stimuli for 10 and 30 Hz to account for slow clearance of glutamate in TFB-TBOA.
For astrocyte synaptic transporter current recordings, 2-8 sweeps were averaged and normalized to a ϩ5 mV voltage step to correct for changes in access resistance. TFB-TBOA sweeps were subtracted from control to isolate the glutamate transporter currents. The decay of the glutamate transporter current was then fit with a mono-exponential decay function to quantify the glutamate uptake kinetic. For NMDA EPSCs, 12-18 sweeps were averaged. The decay of the NMDA EPSC was then fit with a mono-exponential decay function to quantify the glutamate transient.
Statistics. Normality was tested using the Shapiro-Wilk test (␣ ϭ 0.05). Hypotheses were tested using paired or two sample t tests, nonparametric Wilcox-Signed rank test, or nonparametric Mann-Whitney test as appropriate. Grubb's test for outliers was used to exclude a single slice from Figure 1C ( p Ͻ 0.05). Samples sizes (slices/cells) are listed for each experiment in the figure labels or text, all experiments are from Ն3 animals.
Significance of multiple comparisons was tested using the Holm-Bonferroni method. Error bars indicate SEM.
Drugs and reagents. Unless otherwise noted, all salts and glucose were obtained from Sigma-Aldrich. Drugs used in the study and their concentration: APV (NMDA antagonist, 50 M, Tocris Bioscience) (Evans et al., 1982) 
Results

Measuring extracellular glutamate dynamics in the cerebral cortex using glutamate imaging
We imaged iGSs in the adult mouse cerebral cortex (layer II/III) using the extracellular facing, membrane-tethered glutamate sensor, iGluSnFr . C57BL/6 mice were infected with adeno-associated viruses expressing iGluSnFr via intracortical injection. Two to 4 weeks after infection, acute cortical brain slices were prepared, and iGSs were evoked via electrical stimulation in the deep cortical layers. Electrical stimulation activated ascending axons and induced glutamate release in layer II/III. iGSs were recorded in the presence of AMPA and NMDA receptor antagonists (DNQX 20 M and CPP 10 M, respectively). Fluorescence responses were imaged using a 60ϫ objective with epifluorescence LED illumination, and images were collected at a 100 Hz frame rate. Within the area of cortex imaged, fluorescence responses showed little spatial heterogeneity (likely due to epifluorescence imaging modality and subsequent out of focus fluorescence), and thus all data were quantified from a fluorescence signal spatially averaged over 0.01 mm 2 (Fig. 1A) . The fluorescence increase and subsequent decay were quantified by the peak iGS amplitude (⌬F/F) and decay time (exponential decay function) (Fig. 1B-D) . In response to a single stimulus, iGSs rose robustly within sequential imaging frames (interframe interval ϭ 10 ms) and rapidly returned to baseline (20.8 Ϯ 0.6 ms decay time, GFAP-iGluSnFr) (Diamond, 2005; Hanson et al., 2015) . For comparison of stimulation intensities to established assays, stimulus-evoked AMPA currents recorded from layer II/III pyramidal neurons had a peak amplitude of 90 Ϯ 28 pA (SEM, N ϭ 8 cells).
To validate that iGS decays represent the kinetic of glutamate clearance, we tested the effects of EAAT inhibitors. Inhibition of all sodium-dependent glutamate transport (TFB-TBOA, 1 M) (Shimamoto et al., 2004) or selective inhibition of GLT-1 (DHK, 300 M) (Arriza et al., 1994) significantly increased iGS decay times (Fig. 1B-D) . TFB-TBOA had a larger effect on iGS decays, whereas DHK had a smaller but significant effect. Similar to previous reports , blockade of EAATs increased the iGS peak. As with iGS decay time, blockade of all EAATs had a significantly larger effect on iGS peak compared with blockade of GLT-1 alone (Fig. 1D) . These findings are consistent with previous studies of EAAT function as measured both biochemically and electrophysiologically and show that iGluSnFr imaging can be used to measure glutamate clearance in the adult cortex as has been reported in the striatum (Parsons et al., 2016).
Presynaptic activity slows glutamate clearance in a stimulus number-dependent manner Because neuronal activity evokes changes in ionic gradients and astrocyte membrane potential (Orkand et al., 1966; Meeks and Mennerick, 2007) , both of which modulate EAAT function (Levy et al., 1998), we hypothesized that high-frequency presynaptic activity may affect glutamate clearance. To test this hypothesis, we examined iGSs evoked by trains of 100 Hz stimulation of ascending axons. iGSs grew in amplitude in response to an increasing number of stimuli, consistent with repetitive synaptic activation. iGS decay time slowed progressively when more than two 100 Hz stimuli were delivered (Fig. 2 A, B) . After 3 stimuli, iGS decays were slightly, but significantly, slowed (8.5% increase). When 10 stimulations were delivered at 100 Hz, iGS decay times were slowed to 73.9 Ϯ 7.4 ms from 24.3 Ϯ 0.6 ms for 1 stimulus. This represents a threefold slowing of glutamate recovery compared with a single stimulation. To isolate the response response to the 10th stimulus, we used a subtractive approach. Nine and 10 stimuli trains were interleaved, and the response to 9 stimulations was subtracted from the response to 10 stimulations to isolate the response of only the 10th stimulus. The isolated response, the 10th stimulus was significantly slowed (Fig.  2C ,D) compared with a single stimulus. This indicates that the stimulus-dependent slowing of iGSs we report is not an artifact of glutamate accumulation during train stimulation but rather reflects slowed transport.
To confirm the iGluSnFr-based findings, we recorded GTCs via whole-cell patch-clamp recording from individual astrocytes. GTCs are generated by the electrogenic activity of EAATs, which carry positive charge into the astrocyte with each molecule of glutamate translocated, and were evoked by stimulation protocols identical to those used in iGluSnFr experiments. To isolate GTCs, we performed stimulation before and after inhibition of all EAATs (TFB-TBOA), to allow subtraction of any non-transportmediated currents. This single-cell approach to quantify glutamate uptake confirmed our findings using iGluSnFr imaging. Synaptically evoked GTC decay times were significantly slowed following 10 stimuli (100 Hz) compared with a single stimulation (Fig. 2 E, F ) . Similar to the iGluSnFr, the isolated 10th stimulus showed similar slowing as the train (Fig. 2G,H ). These data, using two distinct assays of glutamate clearance, show that presynaptic activity slows glutamate uptake by cortical astrocytes. Last, for both the iGluSnFr and GTC assays, all responses were abolished by addition of TTX (1 M) (data not shown), showing that the signal is specific to synaptically released glutamate.
For the sake of clarity, the term "glutamate clearance" is often used to describe glutamate uptake by astrocytes. It is important to note, however, that GTCs are an indirect measure of extracellular glutamate dynamics, in addition to being distorted by the electrical filtering properties of the astrocyte. iGSs, on the other hand, directly report extracellular glutamate levels with only minimal distortion due to the binding properties of iGluSnFr. For clarity, we will use the term "glutamate clearance" to refer to the iGS results and conclusions drawn from both assays together, whereas we use "glutamate uptake" to refer to conclusions drawn from GTCs alone.
Activity-dependent slowing of glutamate clearance is independent of the amount of glutamate released A simple explanation for prolonged iGSs after high-frequency presynaptic activity is that, when more glutamate is released, it takes longer for astrocytes to remove it from the extracellular space. To test this hypothesis, we modulated presynaptic glutamate release, by pharmacologically targeting the adenosine A 1 -receptor while keeping stimulation parameters constant. Adenosine A 1 -receptor agonists inhibit presynaptic calcium channels, thereby decreasing vesicular release probability (P r ) (Dunwiddie and Fredholm, 1984) ; adenosine A 1 -receptor antagonists do the opposite. Changing P r alters the total number of vesicles released over the course of a stimulus train, and hence the amount of glutamate released. First, we used the adenosine A 1 -receptor agonist CPA (4 M) to decrease stimulus-evoked glutamate release by decreasing P r . This greatly reduced iGS peak amplitude (as measured in TFB-TBOA to characterize total release) but had no effect on iGS decay time (Fig. 3A-E) . Next, we increased glutamate release by increasing P r with the adenosine A1-receptor antagonist DPCPX (0.3 M) (Lee and Reddington, 1986). DPCPX significantly increased the peak iGS (as quantified in TFB-TBOA) but again did not affect iGS decay time (Fig.  3F-J ) .
Last, increasing the stimulus intensity twofold (resulting in the activation of more, distinct ascending axons) increased iGS amplitude but again did not affect iGS decay time (data not Figure 3 . Slowing of glutamate clearance is independent of the amount of glutamate released. A, Single slice example trace of GFAP-iGluSnFR response to a single stimulus for control and the adensosine A 1 -receptor agonist CPA, normalized to 1 stim control. B, Average normalized traces to a single stimulus for control or CPA. C, Time constants of glutamate clearance are unchanged by the application of CPA for 1, 5, or 10 stimuli at 100 Hz. Statistical tests: Wilcoxon signed rank test. D, Average GFAP-iGluSnFr response in TFB-TBOA with control or CPA to characterize the amount of glutamate released in response to a single stimulus. E, Amount of glutamate released is quantified in TFB-TBOA, normalized to a single stimulus for 1, 5, or 10 stimuli at 100 Hz with or without CPA showing significant reductions in glutamate release with CPA; N ϭ 11 slices. F, Single slice example trace of GFAP-iGluSnFR response to a single stimulus for control of the adenosine A 1 -receptor antagonist DPCPX, normalized to control. G, Average normalized traces to a single stimulus for control or DPCPX. H, Time constants of glutamate clearance are unchanged by the application of DPCPX for 1, 5, and 10 stimuli at 100 Hz. Statistical tests: paired t tests. N ϭ 11, N ϭ 10, and N ϭ 11 slices, respectively. I, Average GFAP-iGluSnFr response in TFB-TBOA with control or DPCPX to characterize the amount of glutamate released in response to a single stimulus. J, Glutamate release is significantly increased with DPCPX for 1, 5, and 10 stimuli at 100 Hz. Statistical tests: paired t tests. N ϭ 11, N ϭ 10, and N ϭ 11 slices, respectively. *␣ ϭ 0.05 (Holm-Bonferroni multiple-comparison correction). **␣ ϭ 0.01 (Holm-Bonferroni multiple-comparison correction). ***␣ ϭ 0.001 (Holm-Bonferroni multiple-comparison correction).
shown). Together, these results show that stimulus-dependent slowing of glutamate clearance is not driven by the amount of glutamate released, similar to previous reports (Diamond, 2005; Hanson et al., 2015) and refutes the hypothesis that iGS slowing occurs due to increased extracellular glutamate load.
Activity-dependent slowing of glutamate uptake affects glutamate dynamics at neuronal surfaces iGluSnFr can be selectively expressed in either neurons or astrocytes by using different promoter constructs in the adenoassociated viruses (neuronal expression: hSynapsin promoter; astrocytic expression: GFAP promoter). To determine whether the activity-dependent slowing of glutamate clearance affects glutamate dynamics at neuronal surfaces, we expressed iGluSnFr in neurons and examined evoked iGSs. Cell-type specific expression was confirmed by colocalization of GFP immunoreactivity with either glutamine synthase (astrocytic marker) or NEUN (neuronal marker) (Fig. 4A) . iGluSnFr expression was highly selective, enabling us to examine extracellular glutamate dynamics preferentially at either the neuronal or astrocytic surface. Glutamate clearance, as measured using neuronal hSyn-iGluSnFr, was slowed by presynaptic activity (Fig. 4B) , similar to our studies using GFAP-iGluSnFr (Fig. 2B) . This confirms that alterations in glutamate dynamics seen at astrocytes surfaces also affect the glutamate environment at the neuronal surface. As a side note, when GFAP-iGluSnFr and hSyn-iGluSnFr iGSs were compared, iGS decays were slightly, but significantly, faster at astrocytic, compared with neuronal membranes for single stimulus (Fig.  4C) , although iGS peaks were identical (Fig. 4D) . This likely reflects the abundant expression of EAATs on the astrocyte surface and suggests some spatial heterogeneity in extracellular glutamate dynamics. It should be noted that the hSyn-iGluSnFr is expressed throughout the neuronal membrane, and its distribution is likely unique to that of glutamate receptors. As a result, hSyn-iGluSnFr responses should not be taken as a proxy for glutamate receptor activation.
Frequency-dependent modulation of glutamate clearance
Next, we asked whether the stimulation-dependent slowing of glutamate clearance varied with stimulus frequency. Using the GFAP-iGluSnFr reporter, we examined iGSs evoked by trains of 5 or 10 stimuli at 10 Hz (Fig. 5A ), 30 Hz (Fig. 5B) , 60 Hz (Fig. 5C) , and 100 Hz (Fig. 5D) . iGS decay times were slowed compared with single stimulus for 30, 60, and 100, but not 10 Hz stimulus trains (Fig. 5E ). iGS decay times slowed similarly for all stimulation frequencies Ն30 Hz. Increasing the number of stimuli, however, increased the magnitude of slowing (Fig. 5E ). Increasing the stimulus frequency changed the total amount of glutamate released ( Fig. 5F ) and amount of glutamate present at the end of stimulation (data not shown); however, neither correlated with iGS decay. This demonstrates that the stimulus number, rather than the amount of glutamate, contributes to the slowed glutamate clearance. hSyn-iGluSnFr showed similar responses for all measures (data not shown). These data show that there is a steep transition in the frequency dependence of activity-induced slowing of glutamate clearance and that the magnitude of slowing is driven by the number of stimuli delivered.
Recovery of glutamate uptake occurs rapidly
To determine how long activity-dependent glutamate clearance slowing persists following a stimulus train, we increased the interval between the ninth and 10th stimulus in our 100 Hz stimulation protocol. The first 9 stimuli were delivered at 100 Hz, and the interval between the ninth and 10th stimulus was set to 10 ms (identical to 100 Hz), 50 ms, or 100 ms (Fig. 6A) . We then isolated the iGS response to the 10th stimulus by subtracting the traces of the first 9 stimuli. The iGS decay time of the 10th stimulus was significantly faster at 50 ms compared with 10 ms, and no further change was observed at 100 ms (Fig. 6B) , indicating the rapid recovery of glutamate clearance following stimulus trains (Ͻ50 ms).
Activity-dependent slowing of glutamate clearance is input specific
The activity-dependent modulation of glutamate uptake we report may occur with input specificity or may occur more broadly. To disambiguate these possibilities, we stimulated two different axonal pathways (ascending cortical connections and lateral intracortical connections), which both evoke glutamate release, while imaging cortical layer II/III with the iGluSnFr sensor (Fig. 7A) . Both ascending and intracortical stimulation showed robust stimulus-dependent glutamate release, similar iGS decay times (Fig. 7 B, C) , and comparable stimulation thresholds (see Materials and Methods). Importantly, both pathways showed stimulusdependent slowing of glutamate clearance (Fig. 7 B, C) . Of note, the magnitude of glutamate uptake slowing was slightly, but significantly, greater for the intracortical pathway.
Using this dual stimulation paradigm, we tested whether stimulating one input affected the glutamate clearance time of the other, independent input. We alternated between stimulus protocols consisting of (1) 9 stimuli of the ascending pathway, (2) stimulus trains containing 10 stimuli on the ascending pathway, and (3) 9 stimuli on the ascending pathway followed by a 10th stimulus on the intracortical stimulator. Using this stimulation approach, we isolated the response to the 10th stimulus by subtracting the response to the first 9 stimuli, similar to the previous experiments (Figs. 6, 7D ). When the 10th stimulus was delivered via the ascending stimulator (which had received 9 previous stimuli), iGSs decays were significantly slowed compared with the 10th stimulus delivered to the unstimulated, intracortical pathway (Fig. 7 D, E) . This shows that, within the same imaging field, iGS decay times were normal when a previously unstimulated input was activated, even when other nearby inputs were activated 10 ms prior. This demonstrates that the activity-dependent slowing of iGSs occurs in an input-specific manner.
Next, we repeated this experiment using GTCs, which measure evoked currents from the domain of a single astrocyte. Us- . Recovery of glutamate clearance is rapid after cessation of high-frequency activity. A, The 10th stimulus of a train is isolated by subtracting recordings of the previous 9 stimuli. The 10th stimulus is delayed by 10, 50, or 100 ms following the ninth stimulus. Average GFAP-iGluSnFr trace of the isolated 10th stimulus. B, Time constant of glutamate clearance for the isolated 10th stimulus shown, normalized to the decay time constant in response to a single stimulus. The 10th stimulus is significantly slowed with a 10 ms delay, compared with a 50 or 100 ms delay; N ϭ 18 slices. Statistical tests: paired t tests. ***␣ ϭ 0.001 (HolmBonferroni multiple-comparison correction).
ing GTCs, the 10th stimulus was isolated similarly to the imaging experiments. GTCs were significantly slowed on the 10th stimulus delivered on the ascending stimulator (which had received 9 previous stimuli) compared with the 10th stimulus delivered to the unstimulated, intracortical pathway (Fig. 7 F, G) . In this assay, the magnitude of slowing measured using GTCs was not as great when measured with iGluSnFr imaging, consistent with our previous findings (Fig. 2) . This demonstrates that, within the domain of an individual astrocyte, stimulusdependent slowing of glutamate uptake occurs with input specificity.
NR2A-mediated NDMAR current decay kinetics mirror activity-dependent changes in glutamate uptake
To examine the synaptic consequences of slowed glutamate clearance, we asked whether the decay time of NR2A-mediated NMDAR currents reflected the prolonged glutamate persistence in the extracellular space. As NMDAR EPSCs can be slowed by activating NMDARs with different kinetics (NR2B, slow kinetics; NR2A, faster kinetics) (Arnth-Jensen et al., 2002; Lozovaya et al., 2004) , we used the NR2B-specific antagonist ifenprodil (Williams, 1993) (5 M) to isolate NR2A-specific EPSCs. Layer II/III pyramidal neurons were patch-clamped and held at ϩ40 mV to relieve the Mg 2ϩ block of the NMDARs. Single stimulus or trains at 100 Hz (5 or 10 stimuli) were delivered as in previous experiments. We found that NR2A-mediated NMDAR EPSCs were significantly and progressively slowed by the increased stimuli number (Fig. 8 A, B) . The slowing was highly correlated with the slowing of glutamate clearance as assayed using the iGluSnFr assay for these three stimulus conditions (Fig. 8B) . Additionally, single stimulus or trains of 5 stimuli at 10, 30, or 100 Hz were delivered as in previous experiments to test the frequency dependence of the slowing (Fig. 8C) . The frequency dependence of NMDAR current slowing mirrored the frequency dependence of activity-dependent slowing of glutamate uptake (Fig. 8D-F ) . Five stimuli at 10 Hz did not significantly slow NMDA EPSC decay times compared with a single stimulus, similar to the 10 Hz iGluSnFr imaging result (Fig. 5 ). In contrast, 5 stimuli at 30 Hz and at 100 Hz significantly prolonged NMDA EPSCs compared with a single stimulus, again mirroring the iGluSnFr imaging result (Fig.  5) . To confirm that the evoked currents were NMDAR-mediated, the NMDA antagonist, APV (50 M), was added and completely blocked the stimulus-evoked currents. These results suggest that the slowed glutamate clearance modulates postsynaptic glutamate receptor activation.
Discussion
We report a novel form of neuron-astrocyte communication in the adult cerebral cortex in which presynaptic neuronal activity rapidly and reversibly slows glutamate clearance. We have identified this modulatory mechanism using two independent and complimentary techniques to quantify glutamate clearance: iGluSnFr imaging and GTC recording. We have demonstrated a Figure 7 . Glutamate clearance slowing is locally modulated. A, Layout of two stimulators activating ascending or intracortical inputs into layer II/III of the cortex. B, Average normalized GFAP-iGluSnFr response to ascending or intracortical stimulation with 10 stimuli at 100 Hz; N ϭ 17 slices. C, Glutamate clearance slows similarly for the ascending and intracortical inputs, normalized to 1 stimulus on the ascending stimulator; N ϭ 17 slices. Statistical tests: paired t tests. Significance determined with Holm-Bonferroni multiple-comparison correction. D, Nine stimuli at 100 Hz are given to the ascending inputs followed either by a 10th stimulus to the ascending stimulator or the intracortical stimulator. The 10th stimulus is isolated by subtracting recordings of the 9 stimuli train. Average GFAP-iGluSnFr response of the ascending and intracortical 10th stimulus; N ϭ 7 slices. E, Glutamate clearance time constant normalized to 1 stimulus on the ascending stimulator shows significant differences in decay of the 10th stimulus for the ascending and intracortical inputs. Statistical tests: paired t tests. N ϭ 17 slices. F, Astrocyte GTC recording with the same stimulus paradigm as in D; traces are TFB-TBOA subtracted. Average GTC traces shown; N ϭ 11 cells. G, GTC decay times normalized to a single stimulus (ascending input) show significant difference between the ascending and intracortical 10th stimulus decays; N ϭ 11 cells (Wilcoxon signed rank test). **␣ ϭ 0.01; ***␣ ϭ 0.001.
number of properties of this modulatory mechanism: (1) it is independent of the amount of glutamate released; (2) glutamate clearance is only slowed when bursts of activity occur at Ն30 Hz; (3) the onset of modulation is rapid Յ20 ms; (4) the modulation is specific to the activated inputs; and (5) the restoration of normal clearance is Ͻ50 ms. Last, we have shown that NR2A-NMDAR current decay times reflect the activity-dependent changes in glutamate clearance. Interestingly, in a study examining the developing hippocampus, activity-dependent slowing of glutamate clearance was not seen (Diamond and Jahr, 2000) . This suggests that there may be regionally or developmentally specific synaptic or astrocytic properties that contribute to activitydependent slowing of uptake.
We report up to threefold slowing in glutamate uptake following bursts of high-frequency activity. Genetic and pharmacological manipulations of transporter expression (Rothstein et al., 2005; Omrani et al., 2009; Goodrich et al., 2013; Higashimori et function. For example, genetic ablation of the neuronal glutamate transporter EAAC1, which constitutes a small fraction of the total glutamate clearance capacity, alters glutamatergic signaling and synaptic plasticity (Scimemi et al., 2009; Holmseth et al., 2012) . Altering the diffusional mobility of GLT-1 (MurphyRoyal et al., 2015) or the localization via connexin 30 knock out (Pannasch et al., 2014) similarly alters glutamatergic signaling. Previously, the abundant expression of EAATs has resulted in the view that glutamate transport is a housekeeping function, and disruptions in EAAT function are pathological. Our results, along with recent studies, challenge this view and suggest that glutamate clearance is an active modulatory mechanism controlling extracellular glutamatergic dynamics.
Activity-dependent slowing of uptake prolongs the time in which glutamate remains free in the extracellular space and, thus, may prolong receptor activation, especially for extrasynaptic receptors. Accordingly, our experiments show that NR2A-NMDAR EPSCs are slowed in both a stimulus number and stimulus frequency-dependent manner, similar to the slowing of glutamate clearance. Consistent with this, previous studies have shown that neuronal NMDA receptor EPSC decay kinetics are slowed with trains of stimuli (Arnth-Jensen et al., 2002; Grebenyuk et al., 2004; Lozovaya et al., 2004) . While some of the slowing occurs due to the activation of distinct NMDA receptor subtypes with diverse decay times, this does not account for the entire slowing . Our experiments, done in the presence of NR2B-blocker ifenprodil, eliminate the possibility that stimulus-dependent slowing of NMDAR currents results from activation of NMDARs with different kinetics. The similarity in the slowing of glutamate uptake and NR2A-NMDAR current kinetics, while correlative, strongly support our central conclusion that bursts of presynaptic activity slow astrocytic glutamate uptake.
While the mechanism underlying the presynaptic modulation of glutamate clearance remains unclear, we favor a hypothesis that neuronal activity induces local depolarization of astrocyte microdomains, thereby reducing EAAT activity. EAAT function is voltage-dependent (Levy et al., 1998) , neuronal activity is known to depolarize astrocytes (Orkand et al., 1966; Meeks and Mennerick, 2007) , and growing evidence supports local compartmentalization of changes in astrocyte membrane potential (Ma et al., , 2016 . This hypothesis satisfies the properties of the glutamate clearance modulation that we have identified: rapid onset, local modulation, and fast decay. There are, however, some incongruencies with this hypothesis. First, in mouse cortical preparations, neuronal activity does not induce large changes in astrocyte V m as measured at the astrocyte soma. Recent studies, however, show that significant astrocytic depolarizations can remain restricted to microdomains due to astrocyte membrane properties (Ma et al., , 2016 . This may mask local changes in astrocyte V m when monitored only at the soma. Last, a recent study has highlighted that astrocyte K ϩ currents are especially sensitive to NMDA K ϩ efflux compared with AMPA-mediated efflux . This highlights the specialized relationship between neuronal and astrocytic processes and suggests that NMDA-mediated K ϩ efflux may have distinct effects on astrocyte functions in addition to the presynaptic modulation of glutamate uptake show here. In the future, new tools to assay local ionic and voltage changes at the perisynaptic astrocyte processes may allow us to define the underlying mechanism of the modulation.
One potential mechanism that can be resoundingly eliminated, however, is transport slowing due to increased glutamate challenge. EAATs are abundantly expressed (Lehre and Danbolt, 1998) , and multiple studies have demonstrated that glutamate clearance is insensitive to increased glutamate challenge (Diamond, 2005; Wadiche et al., 2006; Hanson et al., 2015) . Conceptually, all of these support the hypothesis that the amount of EAAT is not a limiting factor for glutamate transport in the mature brain. Our studies modulating adenosine A 1 receptors are consistent with this long-standing view of glutamate transport. Additionally, evidence to support this hypothesis comes from the small effect of DHK. The GLT-1-specific inhibitor, DHK, has a minor effect on the glutamate clearance time and no effect on activity-dependent slowing of glutamate clearance (data not shown), despite blocking a large fraction of the available transporters. The small change in clearance could be due to differences in the efficiencies of transport between the transporters EAAC1, GLAST, and GLT-1 (Arriza et al., 1994; . Overall, multiple lines of evidence show that activity-induced slowing of glutamate clearance is independent of the amount of glutamate released.
In conclusion, the activity-dependent slowing of clearance that we report is the first example of an alteration in glutamate clearance kinetics in response to physiologically relevant stimuli. This modulatory mechanism has a large (threefold) dynamic range, occurs following short bursts of activity, and is induced and recovers rapidly. Slowing in glutamate uptake can be detected at neuronal surfaces using hSyn-iGluSnFr, and NR2A-NMDAR EPSC decay kinetics mirror changes in uptake. Together, these studies show that high-frequency neuronal activity induces brief, local enhancement of glutamatergic excitation via inhibition of astrocytic glutamate transport.
